The Semi-Strapdown Inertial Navigation System (SSINS) provides a new solution to attitude measurement of a high-speed rotation missile. However, high dynamic and high overload test environments present significant challenges for attitude measurement systems. As a key component inside the SSINS, the Top-to-top Hemisphere Structure (THS), the rationality of its design greatly affects the navigation accuracy of the SSINS. First of all, this paper abstracts the new optimized THS into the equivalent cantilever beam structure stress model. For the first time, the relationship between the critical condition of plastic deformation at the top of the cavity and the structure parameters of the THS is obtained. Then, starting from the structural design angle of the lower hemisphere, the parameter extraction principle for effectively protecting the top hemisphere and improving the anti-rotation ability of the SSINS is obtained for the first time; furthermore, the uniform sampling method is used to obtain structural parameters satisfying the set conditions. Finally, the THS before and after optimization will be tested for anti-overload and anti-rotation in the same environment. The test results show that the optimized THS can increase the anti-rotation ability of the system to twice that before optimization. In addition, the first proposed THS' s structural optimization method opens up a new idea for the better application of the sensor in SSINS and the improvement of the positioning accuracy in the missile-borne environment.
I. INTRODUCTION
Inertial navigation technology is a crucial navigation method. Due to the inertial sensor is able to complete location independently, so it plays an important role in the navigation field [1] , [2] . Micro-electro Mechanical Systems (MEMS) inertial sensor is applied for missile navigation widely because of small size, low cost and strong anti-high overload [3] . However, tradition MEMS sensor completing accurate location on the high-rotate and high overload missile is still a difficult question [4] .
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High-dynamic missile-borne Global Navigation Satellite System (GNSS) receiver generated by Magellan corporation is able to locate when the rotate speed is 10Hz and work normally when the rotate speed is 20Hz, but the receiver is used to determine missile position and the accuracy is about 3m [5] , [6] . A GNSS receiver generated by Rockwell Collins corporation is able to track the position of the missile when the missile rotates speed is 250Hz and overload is 15000g [7] . The positioning accuracy of the GNSS receiver is rough and can't complete attitude accurate measurement.
Currently, the Kalman filter algorithm can fuse GNSS data and inertial data to complete accurate attitude and position measurement and this method will be the main missile navigation method [8] , [9] . MEMS sensor measure error is enlarged and the navigation solution accuracy decreases due to the measurement method of the MEMS sensor is integral [10] . There are two kinds of methods to improve MEMS sensor measurement accuracy. One is improving the processing technic of the MEMS sensor, but it is very different. The other is using a compensation algorithm to improve measurement accuracy [11] , [12] . The small range MEMS sensor's accuracy is higher than the large range MEMS sensor when the outer measurement environment is the same. Using the small range MEMS sensor replaces a large range MEMS sensor to complete high rotation missile attitude and position measurement can make sure the measurement accuracy and low cost. A new Semi-Strapdown Inertial Navigation System (SSINS) installed small range MEMS sensor is used to complete high rotation missile attitude and position measurement. However, he didn't analyze the THS effect of antirotation. The Semi-Strap-down Stable Platform (SSP) is used to carry MEMS sensor and connects the missile with bearing on the direction of the roll axis. The bearing is able to isolate the high rotation motion of missile [13] - [15] .
The plastic deformation of bearing caused by launching overload can't be ignored and larger plastic deformation can lead to bearing broken and the SSINS can't work normally. In order to avoid bearing broken and ensure SSINS can work normally, the THS is designed. The THS' main task is protecting SSINS during missile emission, but the friction torque generated by THS acting on SSP will decrease the effect of SSINS when the missile is in the missile's second acceleration phase. In order to decrease the friction torque and improve the SSINS's effect, so the design of THS is presented. In this paper, a design principle and method are presented. A simple and cost-saving design presented in this paper is used to make the THS's effect to playfully.
This article presents a design method of THS based on the internal trajectory overload curve of a certain type of missile. For different missiles, it is necessary to redesign the anti-overload structure according to the design method mentioned in this article. The remainder of this paper is organized as follows. Section 2 illustrates the working principle of the THS in SSINS, the force status of THS in different flight phase and the design principle of THS. Section 3 a simple and cost-saving cavity design of THS is presented, the relationship between cavity size and plastic deformation has been analyzed. A group of cavity size which can make the friction torque smallest is selected in the miscible limits of plastic deformation. Section 4 the anti-overload and anti-rotation experiments of SSINS with cavity THS and without cavity THS installed on one SSINS have been carried out. The conclusion is given in Section 5.
II. THE WORKING PRINCIPLE OF THE TOP HEMISPHE-RE IN SSINS
The flight process of the missile can be subdivided into three phases, namely the interior ballistic overload phase, the inertial free flight, and the engine propulsion phase. In order to realize the navigation and positioning function of the missile-borne SSINS, it is necessary to ensure that the system is in a good working state during the entire flight of the missile. As a key component of the SSINS, the THS plays a vital role in ensuring the good working condition of the system.
A. INTERIOR BALLISTIC OVERLOAD PROTECTION FOR THE BEARING IN THE SSINS
The specific arrangement of the SSINS is shown in Figure 1 . The SSINS is mainly composed of two parts. The SSP for carrying the sensor is the inner cylinder, and the rest is called the outer cylinder. An IMU is installed in the inner cylinder, it mainly contains three MEMS gyroscopes and three MEMS accelerometers. The outer cylinder shell of the SSINS is fixedly connected with the missile, and the outer cylinder is equipped with an optical-electricity encoder and a top-totop hemisphere structure (THS). The SSP maintains a strapdown with the projectile in the yaw and pitch axes, in the direction of the rolling axis, it is connected with the projectile through the bearing to isolate the rolling motion of the projectile. The above connection method achieves an effect of improving the calculation accuracy by reducing the range of the roll axis sensor. Both ends of the photoelectric encoder are respectively fixed to the outer cylinder and the inner cylinder, the relative rotation angles of the inner cylinder and the outer cylinder can be measured. After that, the relative rotation angle measured by the photoelectric encoder and the rolling attitude angle measured by gyro is summed to complete the measurement of the parameters of the missile's rolling axis. The remaining navigation parameters are measured in the same way as the strap-down inertial navigation system measurement method.
According to the different flight stability modes of the missile and the different flight distances, the missile is required to have different initial kinetic energy, and this part of the initial kinetic energy is obtained during the launch phase. It is known that the interior ballistic overload curve of a certain type of missile is shown in Figure 2 . In the above process, if there is no corresponding overload protection measure, the instantaneous axial impulse of the bearing is too large, which causes the bearing to be seriously damaged or even unable to work normally. While the SSP is connected to the projectile through bearings. If the bearing is damaged, the SSP cannot isolate the high-speed rolling motion of the projectile. In order to ensure that the SSP can work normally under high overload conditions, the THS is designed. During the launch phase of the projectile, the THS acts as a support for the SSP. The instantaneous impulse generated by the SSP acts on the THS instead of the bearing to protect the bearing.
It can be seen from the launch overload curve that when the action time is about 0.12 s, the overload peak reaches a maximum value of 4000g. The weight of the SSP is about 1.5kg so that the force variation curve of the top hemisphere contact position under the above overload condition can be obtained.
From the above, we can see that the THS as the overload protection device is installed at the bottom of the SSINS. In a high overload environment, the SSINS isolates the rotation of the projectile, and even the survival of the SSINS depends on the design of the top hemisphere.
B. THE IDEAL SEPARATION STATE DURING THE INERTIAL FREE FLIGHT PHASE
In the inertia free flight phase, the missile will be affected by gravity and air resistance, among them, the direction of gravity is always vertically downward, and the direction of air resistance is opposite to the direction of the speed of the missile [16] . Since the rotating projectile exists a dynamic balance angle, the corresponding turning moment will force the missile shaft to follow the ballistic tangent to rotate downward, thus having follow-up stability, the missile's angle of pitch during flight is shown in Figure 3 .
In the inertia free flight phase, the ideal state of the THS is the separation state. The lower hemisphere of the THS is fixed to the end of the missile, and the upper hemisphere is next to the lower hemisphere. When the upper hemisphere is not deformed, the upper and lower ones are in contact with each other. Thus, in the inertia free flight phase, the contact friction torque is introduced due to the contact and transmitted to the SSP, so that the ability of the system to isolate the high-rotation movement of the missile is deteriorated. When there is deformation of the upper hemisphere, and the missile is following the steady-state, the upper and lower ones will be separated from each other, at this time, there is no introduction of contact friction torque, and the SSINS has the best effect of isolating the projectile.
C. REDUCETHE FRICTION TORQUE GENERATED BY THE ENGINE'S PROPULSION PHASE
From the above, we can see that the THS as the overload protection device is installed at the bottom of the SSINS. In a high overload environment, the SSINS isolates the rotation of the projectile, and even the survival of the SSINS depends on the design of the top hemisphere. In order to ensure the effective range of the projectile, it is not enough to rely on the initial kinetic energy given to the projectile during the launch phase, so there is an engine acceleration section during the flight. Figure 4 depicts the force of the projectile when the engine pushes the projectile to acceleration motion. Where, f 1 represents the thrust of the engine, F indicates the air resistance to which the projectile is subjected, G represents the gravity of the projectile, f 2 indicates the support force received in the upper hemisphere. As can be seen from Figure 4 , under the action of the engine thrust f 1 , the projectile accelerated motion along the roll axis, and the upper hemisphere also accelerated motion at the same acceleration as the projectile. The acceleration of the upper hemisphere is provided by the support force of the lower hemisphere and the component of its own gravity. At this time, the upper and lower hemispheres are in contact state, and the frictional force is generated.
In the SSINS, the function of the SSP and bearing is to isolate the high-speed rolling motion of the projectile. When the gravity recovery torque of the SSP is determined, the friction torque of bearing becomes the main factor affecting the swing angular rate of the SSP. The frictional torque introduced by the contact of the upper and lower hemispheres is called the contact frictional torque. On the premise of contact, both the bearing frictional torque and the contact frictional torque are generated by the rotation of the projectile. The two forces are in the same direction, which makes the SSP rotate and is not conducive to the stability of the SSP. On the basis of not changing the propulsion of the engine, the stability of the SSP can be increased by reducing the contact friction distance. When designing the THS, the contact frictional torque can be reduced by reducing the force arm. Here, in order to reduce the force arm, the contact area of the upper and lower hemispheres is reduced, that is, the face-to-face contact mode is changed to a point-to-point contact. Figure 5 is a schematic diagram of the deformation of the lower hemisphere. The contact friction torque of the upper and lower hemispheres can be calculated by the following formula:
As shown in Figure 5 , θ represents the angle between the line connecting the center of the upper hemisphere and the maximum deformation point and the vertical direction, b 2 represents the radius of curvature of the upper hemisphere, r q denotes the radius of curvature of the lower hemisphere, the center-to-center distance between the upper and lower hemispheres is b 3 = r q + b 2 − y 1 . According to the triangle cosine theorem, we can find
The contact friction torque can be calculated by equation ( 
Equation (2) represents the relationship between the contact friction torque and the contact area. Where f 1 denotes the positive pressure applied to the top of the lower hemisphere, s 1 represents the maximum contact area of the top of the lower hemisphere after the overload shock. Here, let r q = b 2 be the radius of curvature of the upper and lower hemispheres equal, y 1 is the maximum depression depth at the top of the lower hemisphere, Equation (3) is the relationship between the maximum contact area and the maximum depression depth
By taking the formula (3) into the formula (2), then integrating it, the expression of the contact friction torque can be 
It is known that the second acceleration of the missile during the inertial flight phase is about 30g, and the mass of the upper hemisphere is 1.5kg, and generally choose r q = 15mm to r q = 40mm for the radius of curvature of the top of the lower hemisphere. The variation of contact friction torque M (y 1 ) with sag depth y 1 and radius of curvature r q can be obtained by matlab simulation, as shown in Figure 6 .
It can be found from Figure 6 that, on the basis of the existing structural shape, when the radius of curvature of the lower hemisphere r q is constant, the contact friction torque M (y 1 ) gradually increases as the maximum depression depth y 1 increases. Since the outer dimensions of the THS have been determined, for example r q = 20mm, only the maximum depression depth y 1 affects the contact friction torque M (y 1 ). Therefore, in the optimization design process of the THS, in order to reduce the contact friction torque as much as possible, the maximum depression depth at the top of the lower hemisphere can be minimized after the end of the impact process, the precondition here is that the overload generated by the impact process does not cause damage to the bearing.
D. THE DESIGN PRINCIPLE FOR THE THS
Due to the special application environment of the missile, considering the missile-borne stability and anti-interference requirements of the SSP, combined with the above-mentioned different states of the missile flight, the design principle of the THS can be summarized into two points. The one is the THS able to buffer the axial pressure generated by the overload acting on the bearing and ensure the SSINS survive in a high overload environment. The other is reducing the contact friction torque and improving the stability of the SSP. In order to protect the SSINS under high overload environment, the plastic deformation of THS is required. But the plastic deformation depth of the axial must be controlled in the reserved space when the THS is subjected to overload. Through reducing the contact friction torque generated by upper and lower hemispheres as much as possible, the ability of the SSINS isolating the high-rotation motion of the projectile is improved. Therefore, by designing the structure of THS to control the plastic deformation position, the anti-overload and anti-rotation functions of the SSINS can be improved obviously.
III. STRUCTURE OPTIMIZATION DESIGN OF THE THS
The THS is an axial anti-overload device, and the main function is the overload protection bearing in the internal ballistic launch phase of the missile. And by reducing the contact friction torque as much as possible, the ability of the SSINS to isolate the high-rotation motion of the projectile is improved. Therefore, it should be avoided that the deformation of the THS is too small, the separation phase of the THS cannot be separated, or the deformation is too large, and the protection for the SSINS is insufficient.
In the past, the unoptimized THS achieved the purpose of counteracting the impact of the internal ballistic impact overload by sacrificing the shape variable of the top of the lower hemisphere to realize the protection SSINS. This does not consider the effect of the contact frictional torque of the THS on the anti-rotation ability of the SSINS during the acceleration phase of the engine propulsion. When the SSINS is in a stationary state, the upper and lower hemispheres are in contact with each other in the form of point-to-point contact.
When the system is subjected to axial overload, the contact point has great stress, and the contact point position will inevitably produce plastic deformation. As the deformation quantity increases, the contact area increases, the stress decreases, and the THS deformation gradually changes from plastic deformation to elastic deformation until the deformation stops. Inspired by the stress distribution characteristics of the cantilever beam structure, we designed the ''cavity'' treated THS, the stress at the top of the lower hemisphere is transferred to the top of cylindrical cavity of the lower hemisphere.
A. THE DESGN OF THE ''CAVIY'' OF THE THS
As shown in figure 7 , it is the ''cavity'' treated THS. Because the contact position between the cavity and the top of the lower hemisphere will have interaction force, the top of the cavity will be deformed, so that the critical pressure where the deformation happens is P 2 , P 1 represents the intensity of pressure of the upper and lower hemisphere contact portions. The purpose of the cavity treatment is to find the minimum P 2 within the range allowed by the longitudinal depression depth and to reduce the positive pressure of the top of the lower hemisphere, then the purpose of reducing the shape variable of the top of the lower hemisphere is achieved. The size of P 1 at this time is equal to the ratio of the support force of the top of the cavity column to the contact area of the upper and lower hemispheres. The support force of the top of the cavity column is a part of the external force, so it must be smaller than the external force. Without the cavity treatment of the THS, the size of P 1 is equal to the ratio of the external force to the contact area of the upper and lower hemispheres. At this time, the deformation is inevitably large, the contact friction torque increases, and the anti-rotation ability is weakened. In order to reduce the deformation of the top of the lower hemisphere, we adopt the method of reducing the forward pressure acting on the top of the lower hemisphere, and in the shortest possible time, transfer the stress at the top of the lower hemisphere to the top of the cavity. The ''cavity'' treated THS can withstand the axial overload and protect the SINS and can ensure that the contact friction torque is minimized so that the system's rotary isolation effect is optimal. Therefore, the SINS can use a smaller range of sensors to achieve high dynamic measurement, and achieve the purpose of improving navigation and positioning accuracy.
The purpose of the THS design is to find the relationship between the size of the cavity and the deformation of the top of the lower hemisphere based on the existing external features of the THS. When the missile is launched, the direction of propulsion is directed from the lower hemisphere to the upper hemisphere, as shown in figure 7 . Since the lower hemisphere is fixedly connected to the missile, the lower hemisphere has the same acceleration as the missile. The upper hemisphere is connected to the missile through the bearing, and the upper hemisphere can achieve translational movement in the direction of the rolling axis. The upper hemisphere, under the push of the lower hemisphere, eventually achieves the same speed as the lower hemisphere, reaching a relatively static state in which the upper hemisphere speed is obtained by passing the contact points between the upper and lower hemispheres of the top hemisphere. However, due to the difference in material and external dimensions of the upper and lower hemispheres, the load (pressure) on the upper and lower hemispheres is different. Due to the difference in material properties and the size of the load, as the impact occurs, the lower hemisphere, where the load first reaches the yield strength, first undergoes plastic deformation. In order to protect the stable operation of the system, the yield strength of the upper hemisphere is much greater than the yield strength of the lower hemisphere, and it is considered that the upper hemisphere does not undergo plastic deformation.
The purpose of the cavity treatment is to use structural design means to minimize the plastic deformation variable generated at the contact position of the upper and lower hemispheres during the impact process, and to realize the transfer of the deformation variable to the cavity. Inspired by the distribution characteristics of the deformation of the cantilever beam structure, on the basis of the existing shape characteristics of the THS, the shape variables at the contact positions of the upper and lower hemispheres are changed by designing cavities of different sizes in the lower hemisphere. As shown in Figure 7 , the deformation at the S 1 position is analyzed by the lever force deformation method, and the deformation at the S 2 position can be analyzed by the cantilever beam deformation method.
B. THE CRITICAL CONDITIONS FOR PLASTIC DEFORMATION
The upper and lower hemispheres collide during the internal ballistic acceleration phase. At the same time, the upper and lower hemispheres are paired with the same amount of interaction force. The smaller the contact area, the larger the load per unit area, the plastic deformation is more likely to occur at this position under the same material. Since the yield strength of the upper hemisphere is much greater than the yield strength of the lower hemisphere, the top of the lower hemisphere is first deformed. When the force satisfies the following relation (5) , the top of the lower hemisphere will cause deformation
where [σ ] represents the yield strength of the material. When F(t) ≤ F ter , the lower hemisphere does not cause plastic deformation. Under the action of the top of the lower hemisphere, the force on the top of the cavity is shown in Figure 8 . As shown in figure 8 , r 1 = c 2 represents the radius of the bottom of the lower hemisphere, r 2 = L 2 denotes the radius of the cylindrical cavity. The static equilibrium condition is satisfied when no deformation occurs at the top of the cavity. When the force at the top of the cavity is F, the linear density of the opposing force on the edge of the cylindrical cavity can be calculated by equation (4), as indicated by the red arrow 
Then, the bending moment at a distance r from the central axis of the cavity is
Obviously, in the process of collision, when the deformation of the bottom of the lower hemisphere is not considered, that is r = c 2 , the bending moment of the section at the position of the upper edge of the cylindrical column is
It can be known from formula (9) that the bottom edge of the lower hemisphere will be subjected to the maximum bending moment, and the maximum forward load is
As shown in figure 9 , the plane S abcd represents the neutral plane, the plane s denotes the contact surface between the bottom of the dome of the lower hemisphere and the cavity. The area micro-element dA of the distance y from the neutral plane S abcd can be expressed as
The moment of inertia I of a cylindrical surface whose distance from the center is r can be expressed as follows
The distance from the center of the circle is r, and the distance from the vertical direction of the neutral layer is ''fiber'' at h/2 − y, and its bending stiffness can be expressed as Eq. (12)
The distance from the center of the circle is r, and the distance from the vertical direction of the neutral layer is ''fiber'' at h/2, and its bending stiffness can be expressed as Eq. (13)
VOLUME 7, 2019 when r = 1 2 c, bring formulas (7) and (12) into (9), located at a distance r = 1 2 c from the axis of the cylinder, under the action of force F(t), the maximum bending moment is M max = M | r= 1 2 c . F(t) indicates the force acting on THS when time is t. The distance from the vertical direction of the neutral layer is ''fiber'' at h 2 , ''fiber'' is subject to normal stress
Formula (14) indicates that, when the lower hemisphere is under the action of force F (t), the distance from the vertical direction of the neutral layer is ''fiber'' at h/2, the positive stress acting is σ
, the material will plastically deform. As can be seen from equation (14), when F (t) , c, L are constant, the forward load σ max y= 1 2 h is inversely proportional to h 2 . That is to say, the larger the h, the thicker the top of the cylindrical cavity, the smaller the load on the ''fiber'' at y = 1 2 h, the less prone to plastic deformation. At this time, the cylindrical cavity can withstand greater force without maintaining plastic deformation, that is, the anti-overload capability is enhanced, and vice versa. When F (t) , c, L is constant, the maximum load σ is inversely proportional to L. That is to say, the larger the bending force of L, causing the bending moment M max = M r= 1 2 c of the edge section of the applied force to be larger, the greater the load on the ''fiber'' at y = 1 2 h, the more susceptible the structure is to deformation, that is, the ability to withstand impact is reduced.
Similarly, taking equations (8) and (13) into equation (9) gives the positive stress at the ''fiber'' at r = 1 2 c, y = 1 2 h − y 2 σ max
Here, y 2 denotes a ''fiber'' having a distance y 2 from the neutral layer in the vertical direction, This specifies that the vertically downward direction is the positive direction. According to the formula (15) , when the distance from the neutral layer is a variable on the vertical axis, the larger y 2 is, the larger σ max y= 1 2 h +y 2 is. That is, under the same force, the higher the ''fiber'' located at the neutral layer, the more likely it is to plastically deform. On the contrary, the lower the neutral layer, the less likely the ''fiber'' to plastically deform. According to formula (15) , it can be concluded that the forward load σ max y= 1 2 h +y 2 is inversely proportional to the distance y 2 , which is consistent with the actual, and the forward load is zero at y 2 = 1 2 h. When the external force causes the top of the cavity column to deform, that is, the pressure at the top of the lower hemisphere reaches the maximum support force of the cavity cylinder, at this time p (t) s = f (t), when the following relationship is satisfied, the top of the cavity will be plastically deformed. The deformation position is first generated at the area where the load is maximum, that is, at the edge section r = 1 2 c, y = 1 2 h where the force is applied
where F c ter indicates the positive force at which the ''fiber'' is just plastically deformed, ''Fiber'' is located at a distance r = 1 2 c, y = 1 2 h from the central axis of the cavity. In order to improve the SINS 's anti-overload and anti-rotation ability and protect the top of the lower hemisphere, a cavity structure was designed to transfer the deformation caused by high overload from the lower hemisphere to a cavity. In order to improve the anti-overload and anti-rotation ability of the system, the deformation characteristics of the THS with or without cavity treatment are compared, and the optimization principle of cavity design is found in a certain range.
C. OPTIMIZATION DEISGN ANALYSIS OF THE THS
It can be known from Figure 5 that, assuming that the depth of the top axial depression of the lower hemisphere is y 1 , the relationship between the contact area of the upper and lower hemispheres and the supporting force can be obtained by the formula (3), as in the formula (18)
In equation (18), f 1 (t) represents the support provided to the upper hemisphere by the lower hemisphere when time is t. The relationship between the depth of the depression y 1 at the top of the lower hemisphere and the acceleration can be expressed by equation (19)
where a 1 is the acceleration of the depression in the top of the lower hemisphere, s 1 represents the area of the concave surface at the top of the lower hemisphere, s represents the area at the bottom of the dome of the lower hemisphere, [σ 1 ] is the yield strength at the top of the lower hemisphere, r q denotes the radius of curvature of the dome of the lower hemisphere.
1) DEFORMATION ANALYSIS OF THE THS WITHOUT CAVITY TREATMENT
Bringing equations (3) and (18) into equation (20) yields
Assuming that F is a constant value, y 1 (t) can be obtained according to formula (22) in combination with y 1 (0) = y 1 (0) = 0,
According to figure 2, the internal ballistic overload curve of a certain type of missile shows that the impact overload increases first and then decreases. The top deformation of the lower hemisphere gradually increases, and the anti-overload capability gradually increases, so the deformation will stop before the end of the overload. That is to say, F = f 1 (t ) is satisfied when the top hemisphere deformation stops. Since the overload action time is too short, the mass of the upper hemisphere is small and the yield strength of the material is very large, so it can be considered that the plastic deformation will stop immediately when there is no external overload. At this time, according to the relationship between stress and strain when the rod is stressed, it can be obtained
According to formula (23), the greater the force generated by the overload, the deeper the deformation depression depth at the top of the lower hemisphere and the larger the deformation area are generated. This analysis is consistent with the actual results.
2) DEFORMATION ANALYSIS OF THE CAVITY-TREATED THS
At the initial impact, since the contact area to the top of the upper and lower hemispheres of the top hemisphere is small, a large pressure is generated at the top of the ball under the action of a small force, and the top of the ball is easily plastically deformed. A part of the external force acts on the lower hemisphere in the form of pressure, which interacts with the support force of the cavity; the other part is used to generate an acceleration acting on the downward plastic deformation of the lower hemisphere. The pressure on the top of the lower hemisphere is transmitted to the cavity, and the contact position of the upper and lower hemispheres is plastically deformed. As the deformation increases, the contact area becomes larger, and a larger external force component is required to continue the deformation at the contact position. When the external force component is smaller than the critical force that causes the cavity to plastically deform, the cavity cylinder does not undergo plastic deformation, and only the top of the lower hemisphere undergoes plastic deformation. As the deformation area at the top of the lower hemisphere increases, the component of the external force applied to the cavity of the cavity gradually increases. When the moment t = t 1 is reached, the force exerted on the cavity of the cavity just reaches the critical force that causes it to plastically deform, so that the cavity of the cavity is deformed.
Then, in the design process of the top hemisphere, the value of the minimum t 1 is found within the range of the allowable longitudinal recess depth. In this way, the action of the top of the cavity can be introduced as early as possible, so that the external force acting on the top of the lower hemisphere can be reduced to a part of the external force as early as possible, thereby achieving the purpose of reducing the top shape variable of the lower hemisphere. According to formula (17), the ''fiber'' at the r = 1 2 c, y = 1 2 h of the cylindrical cavity is most susceptible to plastic deformation, the critical value of the plastic deformation is f = [σ 2 ]π 2 h 2 cL 6(L−c) . When the external force satisfies F > π cf 1 (t 1 ), that is F > [σ 2 ]π 3 h 2 c 2 L 6(L−c) . At the next time, the deformation caused by the external force will be shared by the cavity and the top of the lower hemisphere. Bring the critical value F = [σ 2 ]π 3 h 2 c 2 L 6(L−c) into relation (23) and get
Bringing the relation (24) into the formula (22) gives
According to formula (25), in order to introduce the top of the cavity column as early as possible to reduce the overload of the top of the lower hemisphere. Therefore, when designing the lower hemisphere, the value of t 1 should be made as small as possible. When the size of the lower hemisphere structure has been determined, it can be achieved by changing the height of the cylindrical cavity and the diameter of the bottom surface.
IV. EXPERIMENTAL VERIFICATION A. ANSYS SIMULATION VERIFICATION EXPERIMENT
The purpose of the cavity optimized is to use structural design means to minimize the plastic deformation variable generated at the contact position of the upper and lower hemispheres during the impact process, and to realize the transfer of the deformation variable to the cavity. Inspired by the distribution characteristics of the deformation of the cantilever beam structure, on the basis of the existing shape characteristics of the THS, the shape variables at the contact positions of the upper and lower hemispheres are changed by designing cavities of different sizes in the lower hemisphere. As shown in figure 7 , the deformation at the S 1 position is analyzed by the lever force deformation method, and the deformation at the S 2 position can be analyzed by the cantilever beam deformation method.
The THS is a key component of the SINS, and its external shape design has strict requirements in order not to affect the normal operation of other components. Figure 10 is a structural view of the lower hemisphere of the THS. In the case where the shape of the lower hemisphere is fixed, in order to find the size of the cavity that can best protect the top of the lower hemisphere. In a step size of 1 mm, a uniform sampling method is used to find a set of parameters that can minimize the value of t 1 , that is, a set of parameters that make the top sphere of the lower hemisphere well protected.
when h = 5mm, [σ 1 ] = [σ 2 ] = 1.1 × 10 9 pa, c = 25mm, L = 40mm and r q = 20mm, then t 1 ≈ 2.14 × 10 −6 s. The above structural design dimensions can maximize the protection of the top of the lower hemisphere without regard to the limitations of axial deformation. When the impact acceleration changes from 0g to 4500g in the period of 0.01 s, the size of the dome deformation and the magnitude of the axial deformation of the lower hemisphere without cavity treatment under the structure size can be obtained by Ansys simulation. Sampling was performed with a step size of 2 mm near the selected parameters, the total sag depth of each sample was obtained by ANSYS statics simulation, as shown in Tab. 2.
In Table 2 , it is found by comparison that the total sag depth of the lower hemisphere designed when the parameter set L = 40mm, h = 5mm is selected is close to the allowable value of the maximum deformation. This maximizes the protection of the top of the lower hemisphere within the range allowed by the shape variables.
The 30CrMnSiA steel has many good properties such as anti-high over-loaded capacity, tensile strength and yield strength, so this kind of material is used to produce import structure [17] . In this paper, the THS is made by the 30CrMnSiA steel.
The most optimized THS is compared with the THS without cavity treatment as shown in Figure 12 . Figure 12 is a deformation cloud distribution showing the deformation, stress, and strain of the lower hemisphere structure under the impact. Where a), b) are the lower hemispherical deformation and stress cloud diagrams without cavity treatment, Figure 12 (a) indicates that the maximum deformation position is concentrated at the top of the lower hemisphere, that is, the light green area in the figure, the maximum sag depth at the top of the lower hemisphere is 1.0735 mm, and the contact area is 67.449mm 2 . Figures c) and d) show the deformation and stress clouds of the lower hemisphere with cavity treatment, where the cavity size is L = 40mm h = 5mm. By comparing figure b) with Figure d) , it is found that the effect of the stress on the THS with cavity treatment is transferred from the top position of the ball to the top of the cavity, which also verifies the correctness of the derivation of formula (11) .At this time, the depression depth of the lower hemisphere is the difference between the depth of the dome depression and the depth of the depression at the top of the cavity, its size is 2.3882-2.0446 = 0.3436mm and the contact area is 21.676mm 2 . Under the condition that the overload impact is 4000g, the THS cavity treatment and the THS depression depth without cavity treatment are respectively introduced into the formula (4), and the contact friction torques can be respectively calculated as 0.393Nm and 0.6992Nm. It can be seen from the simulation that the contact friction torque of the THS with cavity treatment is reduced to 1 2 of THS without the cavity.
By comparing deformation cloud distribution, it can be found that the cavity treatment can cause the stress to shift from the dome to the top of the cavity. When the size of the cavity is L = 40mm h = 5mm, it is ensured that the longitudinal deformation does not exceed 2.0 mm, thereby protecting the bearing from damage. When L>40mm or h < 5mm, the longitudinal deformation will exceed 2.0mm, so that although the deformation of the top of the lower hemisphere can be reduced to a greater extent, the bearing will be damaged and the system cannot achieve the ''reduction of rotation'' function. When L<40mm, or >5mm, the axial depth of the lower hemisphere is less than 2.0mm, the bearing is protected, but the deformation of the top of the lower hemisphere increases, so that the contact friction torque becomes larger, the system cannot complete the reduction of rotation in the secondary acceleration phase of the projectile, and the navigation accuracy is degraded. Considering the performance requirements of each stage of missile flight, the design guarantees the protection of the inner ballistic launch stage, the separation of the upper and lower hemispheres during the inertial flight phase, and the minimum contact friction distance during the secondary acceleration phase, only when the cavity size is L = 40mm h = 5mm, the working state of the semi-strapped inertial navigation system is optimal.
B. THS's Anti-Overload Performance Test
In order to verify the theoretical analysis, under the same conditions, the THS with and without cavity treatment was installed on the hydraulic impact test bench. The experimental site diagram is shown in Figure 13a ). Figure b ) in Figure 13 above shows the output overload curve of the hydraulic impact test bench. Install the SINS on the hydraulic impact test bench, set the maximum overload value to 4000g, and observe the deformation of the lower hemisphere before and after optimization, as shown in Figure 14 . Figure 14 shows the depression of the THS after the impact. Where a) represents the lower hemisphere structure with a cavity size of L = 40mm h = 5mm, b) represents the lower hemisphere structure without the cavity. The Figure14 shows that the plasticity deformation in b) is three times than in a). The experimental result is consistent with theoretical analysis result and shows the THS with cavity can decrease the plastic deformation. 
C. THS 'S ANTI-ROTATION PERFORMATION TEST
In order to verify anti-rotation effect of SSINS with different THS in the same experimental environment the anti-rotation test is carried out.
THS with different plastic deformation are installed on the same SSINS respectively. Driving the outer frame of flight simulation turntable to rotate at 1150 dreg/s and a centrifugal force acts on roll axis direction of SSINS. The mass of stable platform is 1.5kg. The distance between mass center and axis of flight simulation turntable is 0.5m. So, an acceleration about 30g can be obtained. The acceleration effect is same as the thrust force of missile at second acceleration phase. The inner frame angular rate of flight simulation turntable is 3600 dreg/s which is used to simulate the angular rate of spinning missile. The angular rates of flight simulation turntable are shown in Tab.4.
The THS with different size of plastic deformation are installed on a same SSINS respectively, The Figure16 describes angular rate of SSINS on the roll axis direction of missile measured by gyro when the three-axis flight simulator angular rate on rolling direction is 3600deg/s and angular rate on yaw direction is 1150 deg/s. The blue curve describes angular rate of SSINS installed un-optimization THS and the average amplitude of angular rate is 235 deg/s. The red curve describes angular rate of SSINS installed optimization THS and the average amplitude of angular rate is 108.9 deg/s. As shown in Figure16 the average amplitude of red curve is 1/2 times than the blue curve. We can know from the difference of average amplitude angular rate between red curve and blue curve that the anti-rotation ability of SSINS installed optimization THS is 2 times than the SSINS installed un-optimization THS.
V. CONCLUSION
The navigation parameters of high spinning and high overload missile can be captured by a new structure named SSINS. The author analyzes the state of THS in the flying missile deeply and optimization design the THS ingeniously in a convenience way. In order to get the best optimization design of THS, firstly, the author innovative constructs function relationship between plastic deformation critical condition of cavity cylinder and the structure parameters of THS. Secondly, in order to improve the navigation accuracy of SSINS, the author proposed a design principle to minimize the contact friction torque under the condition that the existing structure is unchanged. Lastly, the structure parameters of the cavity satisfied design principle are caught by the uniform sampling method. The anti-overload experiment and anti-rotation experiment result show that the optimization THS is able to protect SSINS and makes contact friction distance decrease to 1/2 than un-optimization THS. Then the anti-rotation ability of SSINS installed optimization THS increases to 2 times than un-optimization THS.
